Introduction
Cathelicidins are one of two major families of antimicrobial peptides (AMPs) (Lehrer and Ganz, 2002a,b; Zanetti et al., 1995) , distinguished by their conserved homology to a N-terminal pro-region in the pig leukocyte protein, cathelin (Ritonja et al., 1989) . Full-length cathelicidins are formed as holoproteins that include a signal peptide, the cathelin domain, and a functional C-terminal peptide that has antimicrobial activity (Zanetti, 2004) . The region between the cathelin domain and the C-terminus is cleaved by one of several serine proteinases, depending on both the host and the site of expression of the cathelicidin, to release the functional peptide (Sorensen et al., 2001 (Sorensen et al., , 2003b Tjabringa et al., 2005) . Cathelicidins are important components of the innate immune system on mucosal surfaces (Bals et al., 1999; Nizet et al., 2001) and, in addition to being potent antimicrobials, are also chemotactic for dendritic cells, monocytes, and neutrophils (Agerberth et al., 2000; Davidson et al., 2004; De et al., 2000) . They also modulate the expression of numerous genes in macrophages (Hancock and Scott, 2000) , promote histamine release from mast cells (Gudmundsson and Agerberth, 1999) , neutralize LPS (Gough et al., 1996) and have been implicated in wound repair Sorensen et al., 2003a) .
Due to their antimicrobial activity and importance in protecting mucosal surfaces, it is likely that AMPs play a significant role in preventing the pediatric disease, OM. In addition, a recent report (Mygind et al., 2005) details the promising future of AMPs in human therapeutics which is especially relevant to OM since it is estimated that 83% of all children will experience at least one episode of acute OM (AOM) by 3 years of age, and more than 40% of children will experience three or more episodes of AOM by this age (Teele et al., 1989) . Moreover, OM is the most frequently diagnosed illness in children under 15 yrs. and is the primary cause for emergency room visits (Cassell et al., 1994) leading to an economic cost in the U.S. that exceeds US$ 5 billion annually (Alsarraf et al., 1999; Cassell, 1997; Kaplan et al., 1997) . Clearly a need exists to develop novel strategies for both treatment and prevention of OM. Gaining an understanding of effectors of innate immunity operational in the uppermost airway is the first step towards this end.
OM is a disease of opportunity, not caused by highly pathogenic organisms but rather is a polymicrobial disease due to the synergistic activity of both upper respiratory tract (URT) viruses (predominately influenza A virus, respiratory syncytial virus [RSV] , adenovirus, and rhinovirus) (Heikkinen and Chonmaitree, 2003; Monto and Ullman, 1974) and one or more of three bacteria [S. pneumoniae, M. catarrhalis, and nontypeable Haemophilus influenzae (NTHI)] (Faden, 2001) . Typically, viral URT infection either precedes, or is concomitant with, ascension of the Eustachian tube by specific members of the normal flora from the colonized nasopharynx into the middle ear. We hypothesize that periodic increases in the bacterial load in the nasopharynx (Bakaletz, 2002) that is coincident with URT viral infection is potentiated by viral dysregulation of innate immune system components, specifically AMPs.
To better understand innate immune system factors that influence the outcome of OM, we have begun to investigate the role of AMPs in the uppermost respiratory tract of the chinchilla host, a model for investigating OM. Chinchillas do not naturally develop OM, but can be colonized and/or infected with many of the organisms (bacteria and viruses) that predominate in OM (Giebink et al., 1980; Suzuki and Bakaletz, 1994) . The experimental disease course in the chinchilla superinfection model (Bakaletz, 2002) begins with viral compromise of the URT followed by bacterial invasion of the middle ear, with resolution of infection occurring within 5-6 weeks, similar to the human OM disease course (Kennedy et al., 2000) . Thus, the chinchilla provides an excellent model in which to study OM pathogenesis and can likely be used to assess the role that AMPs play in altering the disease process. To date, we have shown that a ␤-defensin family member, cBD-1, is expressed in the upper airway of the chinchilla and further, that recombinant cBD-1 kills the three main bacterial pathogens of OM (Harris et al., 2004) . As an additional step in assessing the relevance of AMPs in OM, we now describe the identification and initial characterization of the first cathelicidin homolog (cCRAMP) identified in the chinchilla. Herein, we show that this cathelicidin is produced by several tissues of the upper airway of this host, that recombinant cCRAMP can kill the predominant bacterial pathogens of OM, and that, in vitro, the expression of both cCRAMP and cBD-1, is modulated by both viral and bacterial co-pathogens of OM.
Materials and methods

Animals
Healthy adult chinchillas (Chinchilla lanigera), ∼500-700 g, were purchased from Rauscher's Chinchilla Ranch (LaRue, OH) and fed chinchilla chow (Cincinnati Lab and Pet Supply, Cincinnati, OH) and water ad libitum. The animals were free of middle ear disease as evidenced by otoscopy and tympanometry. Animals were deeply anesthetized with xylazine (2 mg/kg, Fort Dodge Animal Health, Fort Dodge, IA) and ketamine (10 mg/kg, Phoenix Scientific Inc., St. Joseph, MO) and then were sacrificed. Tissues of interest were dissected, snap frozen in liquid nitrogen, and stored at −80 • C until needed. All studies involving chinchillas were performed under an Institutional Animal Care and Use Committee-approved protocol.
Cloning of cCRAMP cDNA
To clone cCRAMP cDNA, a modified 3 RACE strategy was used as described previously (Harris et al., 2004; Tarver et al., 1998) . Total RNA was isolated from the Eustachian tube and nasopharyngeal mucosae of a chinchilla and a firststrand cDNA product was amplified using a modified oligo(dT) primer (Table 1 ) (Marathon cDNA synthesis primer, Clontech, Palo Alto, CA), according to the manufacturer's suggestions. The resulting cDNA was amplified to make a double-stranded PCR product using 2X premixed HotStart Taq polymerase (Qiagen, Valencia, CA), the Clontech anchor primer AP1 and primer CATH2 (Table 1 ). The sequence of CATH2 was based on conserved regions in the cathelin domain of human CAP-18 and rat CRAMP. The cDNA product was size-fractionated in an agarose gel and a band of approximately 450 bp was extracted using the Qiaquick PCR purification kit (Qiagen). This amplicon was cloned into pGEM-T (Table 1 ; Promega, Madison, WI) via annealing of terminal 3 -thymidine overhangs on the vector to non-template deoxyadenosine bases on the amplified product and was transformed into E. coli. Plasmids from selected recombinants, which produced white colonies on LB agar containing 0.5 mM isopropyl-1-thio-␤-dgalactopyranoside (IPTG), 80 g 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-gal)/ml, and 100 g ampicillin/ml, were sequenced using BigDye terminator chemistry (Applied Biosystems, Foster City, CA) with M13 forward and reverse primers (Table 1) (Yanisch-Perron et al., 1985) on an Applied Biosystems Model 3100 Genetic Analyzer at the DNA Sequencing Core Facility of Columbus Children's Research Institute. Clones with similarity to known cathelicidins were identified by BLASTX analysis (http://www.ncbi.nlm.nih.gov) and a single plasmid containing the cCRAMP insert was saved as pcCRAMP1 (Table 1) .
Construction of recombinant cCRAMP expression vectors
The sequence for the cDNA encoding the predicted active peptide of cCRAMP was submitted to the GenBank database (http://www.ncbi.nlm.nih.gov/Genbank/index.html) under accession number DQ097506. A 129-bp fragment encoding the predicted mature cCRAMP was amplified via PCR from pcCRAMP1 and cloned into pET-30(a) giving the pcCRAMP2 plasmid (Table 1 ; Novagen, La Jolla, CA). This plasmid failed to produce recombinant protein as evaluated by SDS-PAGE anal- Table 1 Primers and plasmids used in this study Name Description Source Primer Oligo(dT) 5 -CTAATACGACTCACTATAGGGCTCGAGCGGC (T) 18 V N-3  Clontech  AP1  5 -CCATCCTAATACGACTCACTATAGGGC-3  Clontech  CATH2  5 -CGGAGCAGTGTGACTTCAAG-3  This study  CATH5 a  5 -CGCGGATCCTCTAAAACTGGTACCGATACT-3  This study  M13F  5 -GTAAAACGACGGCCAG T-3  Promega  M13R  5 -CAGGAAACAGCTATGAC-3  Promega  T7 promoter  5 -TAATACGACTCACTATAGGG-3  Novagen  CATH3  5 -CTAAAACTGGTACCGATACTG-3  This study  ST CCW  5 -ATCAGCCATGGCCTTGTCGTCGTCGTCGGT-3  This ysis of E. coli total cell lysates, therefore we next constructed a series of vectors to achieve expression of soluble cCRAMP. The cCRAMP cDNA was amplified from pcCRAMP2 using primers CATH3 and CATH5 (Table 1) with cloned Pfu DNA polymerase (Stratagene) and the resulting amplicon was gel extracted (Qiagen) and blunt-ligated into the single EcoRV site of pET32-(a) (Table 1; Novagen). This plasmid allowed for fusion of cCRAMP to an upstream thioredoxin (trxA) peptide, a common protein fusion partner used to increase solubility of proteins, and a 6-residue His tag ( Fig. 2A) . Ligation products were transformed into E. coli Top10 and recombinants were selected for growth on LB agar containing 50 g ampicillin per ml. A colony blot hybridization (Sambrook and Russell, 2001) was then done to screen for cCRAMP-positive clones using a cCRAMP-specific probe (the same amplicon used in cloning cCRAMP into pET-30(a)). One plasmid, pGM-4 (Table 1 and Fig. 2A ), contained the cCRAMP cDNA in the correct orientation to create a fusion with the thioredoxin protein encoded in pET-32(a) and was also found to contain a single nucleotide deletion in the stop codon when compared to the cCRAMP cDNA sequence in pcCRAMP2. This mutation changed the UAG amber codon to a UAA ochre codon which allowed us to use this construct.
Since the cCRAMP peptide encoded by pGM-4 could not be separated from the thioredoxin fusion protein, another vector was constructed using the Failsafe PCR system with (Epicenter, Madison, WI) primers directed outward which allowed amplification of the entire pGM-4 plasmid with the addition of a unique SmaI restriction site (Table 1 ; primer ST CCW) and a thrombin protease site (Table 1 ; ST CW) immediately upstream of the cCRAMP cDNA sequence. The amplicon from this Failsafe PCR was treated with polynucleotide kinase (Invitrogen, Carlsbad, CA) for 30 min at 37 • C in T4 DNA ligase buffer (New England Biolabs, Beverly, MA), and phosphorylated products were ligated at room temperature for 2 h before transformation into E. coli Top10. The SmaI site (which was not present in pGM-4) allowed for identification of plasmid molecules that were successfully phosphorylated and ligated. After DNA sequencing one plasmid, pGM-5 (Table 1 and Fig. 2A ), was found to have the thioredoxin coding region in-frame with the thrombin digestion site and the open reading frame for cCRAMP (Table 1 and Fig. 2A ). DNA sequencing of both strands verified that no mutations had occurred throughout the cloning process and that a full-length fusion protein could be made in an appropriate bacterial host.
Expression and purification of recombinant cCRAMP
To express the recombinant cCRAMP [(r)cCRAMP] peptide, we electroporated pGM-5 into several E. coli strains, and looked for a combination of strain and vector that produced the greatest amount of non-truncated (r)cCRAMP. This DNA construct was transformed into E. coli BL21 trxB (DE3) (Novagen), E. coli Rosetta (DE3) (Novagen) and E. coli BL21 STAR (DE3) (Invitrogen), and the appearance of an IPTG-inducible protein band of appropriate molecular mass was evaluated in Coomassie brilliant blue-stained SDS-PAGE gels of total cell lysates. Plasmid pGM-5 in E. coli BL21 STAR (DE3) produced the greatest amount of full-length protein and was thereby used in the subsequent purification of (r)cCRAMP.
For isolation of recombinant cCRAMP, three liters of cells in LB broth grown to mid-log growth phase were induced overnight with 1 mM IPTG to express the fusion protein. Bacterial cells were pelleted by centrifugation at 8000 × g for 10 min and the cell pellet was suspended in a mixture of Bugbuster reagent (Novagen) (5 ml per gram of wet weight), 20 g lysozyme per ml, and 1/1000 volume Benzonase nuclease (Novagen). Cell lysis was allowed to occur for 15 min at room temperature and insoluble debris was separated from soluble protein by centrifugation at 20,000 × g for 20 min. The supernatant containing soluble protein was applied to a prepared Ni 2+ -NTA column according to the manufacturers suggestions for soluble proteins (Invitrogen). The His-rich proteins were allowed to bind to the Ni 2+ -agarose slurry for 1 h at room temperature and loosely bound protein was stripped off the column using 4 separate washes of 1 X Native Wash buffer (10 mM sodium phosphate buffer, 500 mM NaCl, and 20 mM imidazole pH 8.0). Proteins bound to the Ni 2+ -agarose slurry were then eluted with Elution buffer (10 mM sodium phosphate buffer, 500 mM NaCl, and 200 mM imidazole pH 8.0). One milliliter fractions were collected and pooled fractions were dialyzed overnight at 4 • C against 1 X Native purification buffer (Native wash buffer without imidazole). The dialyzed protein sample was then digested with recombinant thrombin (Novagen) for 2 h at 20 • C using 1/25 unit of enzyme per 20 g of total protein. After digestion, the protein sample was applied to a newly prepared Ni 2+ -NTA column and protein was again allowed to bind to the Ni 2+ -agarose slurry for 1 h. The column was centrifuged at 800 × g for 1 min and the supernatant was aspirated and kept for further purification. The supernatant from the column was placed in a 5000 molecular weight cutoff (MWCO) column (Millipore, Billerica, MA) and centrifuged at 3000 × g until approximately 100 l of liquid was retained by the column. The flow-through from the column was then applied to a 3000 MWCO column (Millipore) and centrifuged as described above except that approximately 500 l of sample remained. This retentate from the 3000 MWCO column contained purified (r)cCRAMP and was dialyzed against 10 mM sodium phosphate buffer pH 7.2.
Western blotting
Western blots were performed essentially as described (Ausubel et al., 1993) except that the running and stacking gels were polymerized in the absence of SDS to enhance resolution of the low molecular weight and cationic AMPs. Proteins were transferred to nitrocellulose overnight at 4 • C using 7 V. A mouse anti-Penta·His antibody (Qiagen) (1:2000 dilution) was used as the primary antibody to detect His-tagged proteins and protein A conjugated to horseradish peroxidase (1:2000) allowed visualization of immune complexes after development with the chromogenic CN/DAB substrate (Pierce, Rockford, IL).
Antimicrobial assays
The liquid bactericidal assay used here with modification has been previously described (Harris et al., 2004) . Briefly, E. coli ML35, NTHI strain 86-028NP, and S. pneumoniae (serotype 14) were cultured statically to mid-log phase in brain heart infusion (BHI) broth supplemented with 2 g of NAD/ml (Sigma, St. Louis, MO) and 2 g hemin/ml (Sigma). M. catarrhalis 1857 was grown in similar conditions but with aeration. E. coli ML35 is a standard strain used to assay microbicidal activity since it expresses a mutated form of lipopolysaccharide that renders it highly sensitive to the action of AMPs (Zasloff, 1987) . NTHI strain 86-028NP is a minimally passaged clinical isolate obtained from a pediatric patient who underwent typanostomy and tube insertion (Harrison et al., 2005) and M. catarrhalis strain 1857 in a minimally passaged pediatric middle ear effusion isolate (Bakaletz, 1995) . S. pneumoniae serotype 14 strains are frequently isolated from pediatric middle ear fluids (Hausdorff et al., 2002) . The assay was performed as described, except 1 × 10 8 cells were incubated with increasing concentrations of (r)cCRAMP. Colony forming units were counted and percent killing was calculated relative to identical cultures incubated with sodium phosphate buffer (pH 7.2) in the absence of (r)cCRAMP. Data from duplicate assays per strain are presented as mean percentage killed ±standard deviation relative to concentration of recombinant cCRAMP.
Isolation of total RNA from chinchilla tissues and performance of RT-PCR
After removing chinchilla tissues from storage at −80 • C, 1 ml of Trizol reagent (Invitrogen) was added and flasks were incubated for 5 min, with rocking, at room temperature. Total nucleic acid was purified by organic extraction with chloroform, followed by precipitation with first isopropanol, then 75% ethanol (Sambrook and Russell, 2001) . The pellet remaining after the final ethanol precipitation was then air-dried for 5 min before suspending in 30 l of diethylpyrocarbonate (DEPC)-treated water. Contaminating DNA was degraded by treatment with 2 units of rDNase I (Ambion, Austin, TX) for 30 min at 37 • C and this enzyme was then inactivated according to the manufacturers directions (Ambion). The RNA sample volume was 35 l. Finally, RNA samples were purified by passage through a RNeasy column following the manufacturers protocol for RNA clean-up (Qiagen). RNA bound to the column was eluted with DEPC-treated water in a volume of 30 l. Integrity of purified RNA was evaluated using the Agilent 2100 Bioanalyzer (Agilent, Foster City, CA). For RT-PCR, cCRAMP RT 5 and cCRAMP RT 3 primers (Table 1) at 0.5 M each with 2 ng of total RNA were used in 25 l amplification reactions using the QuantiTect SYBR green RT-PCR system (Qiagen). Reaction conditions for the one-step procedure were 30 min of reverse transcription at 50 • C, followed by heating to 95 • C for 15 min. A 35 cycle 3-step procedure was then used which consisted of repeated denaturation at 94 • C for 15 s, annealing at 60 • C for 30 s, then extension at 72 • C for 30 s. Amplicons generated from reactions with or without reverse transcriptase, to confirm the absence of contaminating DNA, were separated using the FlashGel TM system (Cambrex, East Rutherford, NJ).
Cell culture and quantitative real-time RT-PCR
Chinchilla middle ear epithelial cells (CMEEs) are a cell strain generated in our laboratory from outgrowth of primary culture of inferior bullar mucosa. CMEEs were cultured as previously described (Nakamura et al., 1991 (Nakamura et al., , 1992 and were passaged no more than seven times prior to conduct of quantitative real-time RT-PCR (qRT-PCR) analysis. To prepare cells for qRT-PCR assays, approximately 2.75 × 10 5 cells were seeded into 12.5 cm 2 flasks and were incubated for 48 h until confluent. CMEE monolayers were then incubated with either RSV (strain A2), adenovirus (serotype 1), or influenza A virus (Alaska 6/77 H3/N3) diluted in prewarmed growth medium or were sham inoculated with medium alone. For adenovirus and influenza A virus, CMEEs were inoculated with ∼5 × 10 6 50% tissue culture infective doses and for RSV the multiplicity of infection was 100 PFU per CMEE cell. Cells plus virus were incubated for 1 h at 37 • C with 5% CO 2 and then the medium containing virus was replaced with fresh CMEE growth medium (Nakamura et al., 1991 (Nakamura et al., , 1992 . Medium was also applied to the uninfected control cultures. The cells inoculated with influenza A virus were allowed to incubate for 12 h, whereas the adenovirus-and RSV-infected cells were incubated for 48 h so as to allow for efficient viral replication but to minimize destruction of the cell monolayer.
To assay the effect of bacterial interactions with CMEE cells on relative expression of AMPs, Moraxella catarrhalis strain 1857 and NTHI strain 86-028NP were grown in supplemented BHI broth and these cultures were used to inoculate CMEEs (MOI of 100:1) prior to incubation for 6 h. CMEEs were incubated with S. pneumoniae (serotype 14) at an MOI of 10:1 to minimize cell death.
After the specified incubation period had elapsed, total RNA was isolated as stated above, except the cell culture medium was removed and CMEEs were quickly washed twice with sterile PBS warmed to 37 • C before the addition of 1 ml of Trizol reagent. For qRT-PCR, combinations of primers (Table 1 ; cBD-1 RT 5 and cBD-1 RT 3 ; GAPDH RT 5 and GAPDH RT3 ; cCRAMP RT 5 and cCRAMP RT 3 ) were used in reactions under the conditions used in RT-PCR. Real-time fluorescence measurements were taken with an Applied Biosystems 7700 or 7000 sequence detector. CMEE cells were inoculated with virus and qRT-PCR reactions were run in triplicate. Incubation of CMEE cells with bacteria was done in duplicate and each RT-PCR reaction was run twice. Values reported are the geometric mean ratios of transcript abundance of infected to uninfected cultures normalized against transcripts from the glyceraldelyde-3-phosphate dehydrogenase (GAPDH) gene, with standard error of the mean and statistical significance calculated using a Student's T-test. Significance was accepted at a p-value of ≤0.05.
In situ hybridization
Preparation of tissues and hybridization with sense and antisense cCRAMP probes was done essentially as described (Harris et al., 2004) . To generate a plasmid for preparation of the riboprobes, pcCRAMP1 was used as template in a PCR reaction using primers CATH2 and CATH5 and the amplicon was purified (Qiagen). This amplicon was ligated into pGEM-T, the ligation mixture was transformed into E. coli, and plasmids from selected recombinants were sequenced. One plasmid contained the cCRAMP cDNA sequence and was saved as pcCRAMP3. The plasmid clone was linearized which allowed for production of a digoxigenin-labeled sense and antisense RNA probe (Roche Applied Science) when transcribed using the T7 and Sp6 RNA polymerases. Dissected, paraformaldehyde-fixed, and paraffinembedded Eustachian tube was prepared and cCRAMP-specific mRNA was detected as reported (Harris et al., 2004) .
Computer modeling
A computer-simulated structural model of cCRAMP was derived based on known solution structures of other cathelicidin molecules (Johansson et al., 1998; Tack et al., 2002) . The central ␣-helical region was modeled on the rabbit CAP-18 structure (Chen et al., 1995) due to sequence similarity and apparent amphipathic character of the resultant helix. Residues prior to the helix-breaking glycine pair were left unstructured and the alternating polar aromatic residues near the carboxy-terminus were manually assigned to a ␤-sheet conformation. Quanta software (MSI) was used to subject the resulting structure to 2000 CHARMm minimization steps to a gradient tolerance of 0.01 kcal/mole, and 1000 iterations of CHARMm molecular dynamics at ∼300 K using a 0.001 ps time step in a 10Å water shell.
Circular dichroism (CD)
CD measurements were performed on a 62A DS spectropolarimeter (AVIV Associates, Lakewood, NJ) with temperature controlled at 20 • C using a VWR 1155 constant temperature circulator with 40% ethylene glycol. Spectra were recorded in a 1-mm pathlength cuvette at 1 nm spacing with a 5 s accumulation interval and a total of 4 scans per datum point, over a range from 190 nm to 250 nm. Peptide concentration was 25 M in a buffer of 10 mM sodium phosphate (pH 7.2). Helical content was estimated by K2d (http://www.emblheidelberg.de/∼andrade/k2d.html) analysis and mean residue ellipticity was expressed as [Θ] MRE ( • cm 2 dmol −1 ) × 10 −3 . CD measurements were also obtained for cCRAMP in phosphate buffer at pH 8.6 and pH 9.9 in the presence or absence of 20 mM sodium dodecyl sulfate (Fisher Scientific, Pittsburg, PA).
Results
Cloning of the cDNA for cCRAMP
To clone the cDNA product containing cCRAMP, a modified 3 RACE strategy was employed using total RNA isolated Fig. 1 . In silico analysis of cCRAMP. (A) DNASTAR Clustal W alignment of cCRAMP with rhesus monkey RL-37 (accession no. AF181954), human LL-37 (accession no. NM004345), mouse CRAMP (accession no. NM009921), rat CRAMP (accession no. AF484553), and guinea pig CAP-11 (accession no. D87405). Shaded residues indicate amino acids which are identical between cCRAMP and the respective cathelicidin. Numbers on the left represent residue numbers of the corresponding cathelicidin in the labeled row, and the percent similarity of an AMP with cCRAMP is shown on the right. (B) Three views of the predicted 3-D structural model of cCRAMP. In the top (1) and bottom (3) views of this computer-generated model, the N-terminus is to the left and in the middle (2) view, the N-terminus is facing the viewer. The orientation of the ␤-sheet, as folded against the ␣-helix, may be an artifact due to performing the molecular mechanics and dynamics simulations with the model isolated in aqueous solution rather than in a complex environment, such as in a membrane, in which it is naturally found. However, the predicted amphipathic nature of both the ␣-helix and ␤-sheet can be clearly seen in this model. from chinchilla Eustachian tube and nasopharyngeal mucosae. The RACE procedure generated several amplicons from which a ∼450-bp fragment was cloned, sequenced, and the resulting plasmid was saved as pcCRAMP1. BLASTX analysis of the ∼450-bp clone showed that the derived amino acid sequence of the insert was similar to several known cathelicidin molecules, including guinea pig CAP-11 (66% identity) (Nagaoka et al., 1997) , rhesus monkey RL-37 (53% identity) (Zhao et al., 2001) , human CAP18 (46% identity) , mouse CRAMP (45% identity) (Gallo et al., 1997) , and rabbit CAP-18 (44% identity) (Larrick et al., 1991) . The term chinchilla cathelin-related antimicrobial peptide or 'cCRAMP' was thus coined to be in keeping with nomenclature of other rodentderived cathelicidins including rat CRAMP (Termen et al., 2003) .
Since the antimicrobial peptide of the cathelicidin precursors are located adjacent to the C-terminus of the conserved cathelin domain, the corresponding 129-bp fragment of the pcCRAMP1 insert, encoding the predicted mature cCRAMP, was conceptually translated and analyzed using DNASTAR software. The mature cCRAMP peptide was predicted to have 42 amino acids, a molecular mass of 5008 Da, and an isoelectric point of 12.24. A DNASTAR CLUSTAL W peptide alignment of the antimicrobial domains from selected cathelicidin molecules showed that the translated cCRAMP peptide had 43.2% similarity to rhesus monkey RL-37 and also displayed sequence conservation to human LL-37 (35.1%), mouse CRAMP (33.3%), rat CRAMP (33.3%), and guinea pig CAP-11 (28.6%) (Fig. 1A) . Interestingly, this modest similarity to human LL-37 is in contrast to the high homology (77%) we showed between human ␤-defensin-3 and the recently described chinchilla ␤-defensin-1 (Harris et al., 2004) .
To contribute to our in silico analysis of mature cCRAMP, and further substantiate that cCRAMP was a cathelicidin homolog, we generated a theoretical model of the molecule using Quanta (MSI) molecular mechanics and molecular dynamics to predict its three-dimensional structure. Fig. 1B shows a theoretical structure of cCRAMP, with the predominant ␣-helix typical of cathelicidin molecules clearly evident (Zanetti, 2004) . The computer-generated model also suggested an amphipathic nature of the ␣-helix, with positively charged arginine and lysine residues on one helical face, and isoleucine on the other; an unordered N-terminus; and a C-terminus with several aromatic, hydrophobic amino acids on the same face of the predicted ␤-sheet.
Purification of (r)cCRAMP
Two major obstacles typically hinder expression of an AMP by bacteria. The first is that these peptides are antimicrobial and thereby must be expressed in an inactive state, and second, the peptides are also highly charged and thus could be expressed poorly and/or as an insoluble product. We first attempted to overexpress recombinant cCRAMP [(r)cCRAMP] using methodology that has been used previously (Zaiou et al., 2003) , however this resulted in a low yield of recombinant protein that made for inefficient purification. We therefore modified an approach described by Yang et al. (2004) , that was used to isolate human LL-37. Fig. 2A illustrates the cloning strategy used to overexpress (r)cCRAMP. The plasmid pGM-5 encodes a fusion peptide containing soluble thioredoxin, a 6-residue His tag, and a thrombin digestion site engineered directly upstream of the cCRAMP sequence and allowed for production of recombinant cCRAMP in an inactive form and, when digested with thrombin, released the cCRAMP peptide from its His-containing fusion partner. When we transformed pGM-5 into E. coli BL21 STAR (DE3) (Invitrogen) and induced expression overnight with IPTG, recombinant protein containing a His tag was detected ( Fig. 2B  lane 2) .
To purify (r)cCRAMP, three liters of cells were grown overnight after induction with IPTG, and soluble protein containing the His-tagged (r)cCRAMP was purified by Ni 2+ affinity chromatography. Column-retained protein was dialyzed, digested with recombinant thrombin (Novagen), and the protein samples were further separated by additional affinity chromatography and size-exclusion chromatography. Fig. 2C and D show Coomassie brilliant blue-stained SDS-PAGE gels, demonstrating isolation of His-tagged (r)cCRAMP and the subsequent release of (r)cCRAMP after digestion with thrombin as indicated by the presence of a single band at ∼8 kDa (arrow in Fig. 2D , lane 3).
Antimicrobial activity of (r)cCRAMP
To assess activity of (r)cCRAMP, we tested the ability of the purified protein to kill an E. coli strain that is sensitive to the activity of AMPs, as well as each of the three bacteria commonly associated with OM: NTHI 86-028NP, S. pneumoniae serotype 14, and M. catarrhalis 1857. In a liquid bactericidal assay, ≥50% of a 1 × 10 8 colony forming unit inoculum of either NTHI or E. coli ML35 was killed by 20 g (r)cCRAMP/ml in 1 h (Fig. 3A) . For comparison, 1.25 g synthesized LL-37/ml (Phoenix pharmaceuticals) killed ∼80% NTHI strain 86-028NP when assayed under the same conditions (data not shown). The concentration of (r)cCRAMP required to kill 50% of these organisms is comparable to that described for recombinantly expressed LL-37 (Yang et al., 2004) . Interestingly, approximately 40% of M. catarrhalis was killed in a 1-h assay while only 10% of S. pneumoniae died when incubated in the presence of similar concentrations of (r)cCRAMP (Fig. 3B ) suggesting either selectivity in AMP killing or the presence of active antimicrobial resistance mechanisms in these strains. Sodium phosphate buffer alone did not lead to a reduction in viable bacteria in these assays (data not shown).
Structural properties of (r)cCRAMP
While some cathelicidins, including human LL-37, appear to be primarily comprised of amphipathic ␣-helices (Agerberth et al., 1995; Johansson et al., 1998) , our computer-generated model of cCRAMP suggested that this AMP molecule had distinctly different N-terminal and C-terminal domains (Fig. 1B) . To support our theoretical structure of cCRAMP, we used circular dichroism analyses to determine the solution structure of this AMP. As has previously been shown with the sheep leukocyte cathelicidin SMAP-29 (Tack et al., 2002) , (r)cCRAMP in aqueous solution adopted a mostly disordered structure (Fig. 4) . Raising the pH of the solution to either pH 8.6 or 9.9 resulted in an intensifying of the readable spectrum, as well as a shift of the negative peak from ∼207 nm to ∼198 nm. The spectra obtained under both of these conditions were similarly indicative of a less ordered molecule than was observed at pH 7.2 (Fig. 4) . When SDS was added to the test solution at either pH 7.2 or 9.9, the resulting spectra of (r)cCRAMP were nearly indistinguishable. Both spectra had negative peaks at 222 nm and 207 nm, and a single positive peak at 196 nm. This spectral pattern was suggestive of a more strongly ordered, mixed ␣-helix, ␤-sheet structure. As a positive control, synthetic LL-37 was also subjected to CD analysis in the same phosphate buffer pH 7.2 (with and without SDS). The results were comparable to other published analyses for LL-37 and SMAP-29 (data not shown) (Johansson et al., 1998; Tack et al., 2002) . K2d, an algorithm that estimates the percentage of secondary structure in a peptide based on CD spectra, analysis of 25 mM (r)cCRAMP (pH 7.2 or pH 9.9, with SDS) resulted in spectra suggesting 30% ␣-helix and 30% ␤-sheet character. The 1:1 ␣-helix to ␤-sheet ratio from the K2d analysis of (r)cCRAMP thus supports our helical-domain/sheetdomain 3-D computational model (Fig. 1B) .
Determination of relative expression of cCRAMP mRNA among tissues of the chinchilla URT
As a step to further characterize the AMP expression patterns in the URT of the chinchilla, we studied cCRAMP mRNA expression in selected tissue sites as we did previously for cBD-1 (Harris et al., 2004) . Thereby, total RNA from tissues was isolated and analyzed by RT-PCR. In a naïve chinchilla, cCRAMP transcripts were found in the lower respiratory tract (bronchus and lung) and in several other tissues (testis, bladder, brain, and skin) similar to what has been reported for human LL-37 (Bals Fig. 4 . CD spectra of a 25 M solution of (r)cCRAMP. Unprocessed data for all scans are shown as either filled or unfilled shapes whereas the corresponding averaged traces (with background subtracted) are depicted as lines. Increasing the pH to 8.6 or 9.9 resulted in a spectral shift to a more disordered conformation (see dashed blue and thin solid red lines). SDS rescued and intensified the structure seen in aqueous solution at pH 7.2 (see bold green and red lines). Bergman et al., 2005b; Dorschner et al., 2001 ). In addition, cCRAMP transcripts were detected in all tissues of the upper respiratory tract evaluated (Fig. 5A) , including the Eustachian tube and middle ear mucosa. To date, cCRAMP and cBD-1 (Harris et al., 2004) transcripts have been detected in all URT tissues tested suggesting an important role for both AMPs in protection of URT epithelial surfaces including the tubotympanum.
We then used in situ hybridization to further localize expression of cCRAMP mRNA to a specific cell type in Eustachian tube sections. We focused on this tissue, since Eustachian tube dysfunction, induced by URT viral infection, is a major predisposing factor in the development of bacterial OM (Bakaletz, 2002) . Fig. 5B shows that cCRAMP expression was detected in the ciliated columnar epithelium of the Eustachian tube (bottom panel), while there was no hybridization when the control (sense) probe was used (top panel).
Viral and bacterial modulation of cCRAMP mRNA expression
In keeping with our hypothesis that viral and bacterial copathogens of OM dysregulate effectors of innate immunity, we sought to determine the individual affect of several OMrelevant viral and bacterial microorganisms on the levels of expression of cCRAMP and cBD-1, a beta-defensin produced in the chinchilla airway, transcripts by URT mucosae. Toward this end, we inoculated a minimally passaged cell strain of chinchilla middle ear epithelial cells (CMEEs) with each of these microbes individually. Since the permissivity of CMEEs to infection with wild type influenza A virus (Alaska 6/77 H3/N3), adenovirus (serotype 1), or respiratory syncytial virus (RSV) (strain A2) was not known, we performed in vitro experiments to determine if CMEEs were permissive to infection with these human pathogens. Immunofluorescence imaging of CMEEs incubated with these viruses and stained with FITCconjugated anti-influenza A virus, anti-adenovirus, or anti-RSV antibodies showed that CMEEs allowed for replication of all three viruses (data not shown).
To test how incubation with these predominant viral copathogens of OM as well as how incubation with M. catarrhalis, S. pneumoniae, and NTHI influenced expression of cCRAMP and cBD-1 transcripts, we used qRT-PCR. Incubation of CMEE cells with influenza A virus led to a ∼50% reduction level in cCRAMP mRNA (p = 0.01), while incubation with RSV or adenovirus only minimally affected the cCRAMP message level (Fig. 6A, see white bars) . In contrast, incubation of CMEEs with RSV reduced the message levels of cBD-1 approximately 40% (p = 0.05), whereas incubation with either adenovirus or influenza A virus did not (Fig. 6A, black bars) . CMEEs responded differently to bacterial challenge. When CMEEs were incubated with either M. catarrhalis or S. pneumoniae, a 52% (p = 0.08) or 53% (p = 0.06) reduction in cBD-1 message was seen (Fig. 6B, black bars) . No substantial change was observed when CMEEs were incubated with NTHI (Fig. 6B) . When CMEEs were incubated with M. catarrhalis, the abundance of cCRAMP mRNA was reduced approximately 30%. Conversely, cCRAMP transcript levels were increased approximately 50% when NTHI was used as the pathogen, and increased 175% when S. pneumoniae was used. M. catarrhalis was the only organism tested that induced a downregulation of both cCRAMP and cBD-1 mRNA, suggesting that this causative agent of OM may be particularly adept at modulating expression of AMPs operational in the uppermost airway. 
Discussion
In order to determine the possible role of AMP expression and function in the establishment and/or resolution of OM, our laboratory has begun to characterize the AMP repertoire of the chinchilla URT, since it is the predominant animal model for OM research. We recently published the identification of a cDNA encoding a ␤-defensin family member, cBD-1 (Harris et al., 2004) , in this host, and here we described the cloning, identification, and expression of a cDNA peptide with significant similarity to known cathelicidin molecules. Importantly, we demonstrated that pathogens relevant to OM modulate expression of these AMPs in a specific and discriminate manner.
We used an anchored PCR approach to amplify a partial cDNA from chinchilla Eustachian tube that encoded a cathelicidin peptide. This PCR reaction, which used a primer based on conserved sequence in the cathelin domain, did not amplify other cathelicidin products suggesting that only one cathelicidin was expressed in the chinchilla URT mucosae, as has been shown in humans and mice (Zanetti, 2004) . Computer modeling and circular dichroism analysis of recombinant peptide indicated that cCRAMP possessed structural characteristics shared among cathelicidin molecules from many organisms, including the presence of a characteristic amphipathic ␣-helix. Of note was the observation that the secondary structure of this peptide was altered when diluted in buffer at a pH 8.6 or pH 9.9, which may have implications for AMP function in vivo considering that middle ear effusions are frequently alkaline (Wezyk and Makowski, 2000) . Since our data demonstrate that this pH-dependent change in cCRAMP structure can be overcome by the addition of SDS, which mimics contact with a bacterial membrane, it is not likely that cCRAMPmediated bacterial killing would be affected by a more basic environment. However, another cathelicidin-like activity, such as being chemotactic for neutrophils, monocytes, or dendritic cells (Agerberth et al., 2000; Davidson et al., 2004; De et al., 2000; Kurosaka et al., 2005) , may be influenced by alkaline conditions which could lead to a compromise in host immunity.
When the mature antimicrobial fragments of other cathelicidin peptides were aligned with cCRAMP, via CLUSTAL W peptide alignment (Fig. 1A) , the chinchilla derived cathelicidin showed greatest similarity with the rhesus monkey RL-37 peptide (43.2% similarity). We find it interesting that, in the active C-terminal domains, both cCRAMP and cBD-1 shared greatest similarity to AMPs isolated from higher primates (humans and monkeys), suggesting that the chinchilla can be effectively used as an animal model toward understanding the role of human AMPs in innate immunity, specifically as related to OM.
The (r)cCRAMP killed NTHI 86-028NP, E. coli ML-35, M. catarrhalis 1857, and, much less efficiently, S. pneumoniae serotype 14 at concentrations in the micromolar range. Although the amount of peptide required to kill these organisms was approximately double of what is typically reported (Turner et al., 1998) , these assays were performed using a larger inoculum of bacterial cells (∼1 × 10 8 cfu/ml) and were within a range observed with other cathelicidins (Brogden et al., 2001; Starner et al., 2005; Yang et al., 2004) . As designed, cleavage of (r)cCRAMP with thrombin should leave a glycine and serine residue on the N-terminus of the peptide which are not predicted to be present on native mature cCRAMP. Thereby, it is possible that these amino acids could have ameliorated the antimicrobial activity of this recombinant peptide. Nevertheless, (r)cCRAMP effectively killed NTHI 86-028NP but not S. pneumoniae, suggesting that cCRAMP does not play a significant role in protecting mucosal surfaces from infection with this bacterium.
The observation that cCRAMP mRNA could be detected by RT-PCR in tissues of the chinchilla is consistent with cathelicidin expression in other species, including lung, trachea, bladder, and brain (Bals et al., 1998) , providing support for the conclusion that cCRAMP is a member of the cathelicidin family. Our work has also expanded upon these data to show that cCRAMP was expressed in every tissue evaluated in the URT of the chinchilla including the mucosae of the nasal septum, nasoturbinates, ethmoid turbinates, nasopharynx, and the middle ear mucosa. We used in situ hybridization to demonstrate that cCRAMP mRNA was produced by the columnar epithelium of the Eustachian tube, a site-specific expression pattern which differs from that observed with respect to cBD-1 (Harris et al., 2004) since this latter AMP is not only expressed by the epithelium but also by submucosal glands (either mucus or serous). In humans and other mammals, the Eustachian tube acts as a conduit, bridging the heavily colonized nasopharynx to the sterile middle ear, therefore it is likely important that a member of both families of AMPs, a defensin and a cathelicidin, are expressed at a basal level in this site potentially providing a broader defense against invading pathogens.
Expression levels of both cathelicidins and some ␤-defensins are inducible and thereby change dramatically when exposed to microorganisms Islam et al., 2001; Swanson et al., 2004; Wehkamp et al., 2003) . Rhinovirus, a causative agent of OM, infected epithelial cells express more human ␤-defensin-2 than uninfected controls, and rhinovirus infection of cultured bronchial epithelial cells increases human ␤-defensin-2 and -3 transcripts; all in a manner that is dependent upon the presence of viral double-stranded RNA (Duits et al., 2003; Proud et al., 2004) . In contrast, N. gonorrhoeae downregulates LL-37 expression when infecting a cervical cell line, and Shigella spp. similarly downregulate LL-37 and human ␤-defensin-1 mRNA as shown in analysis of gut biopsies recovered from infected patients (Bergman et al., 2005a; Islam et al., 2001 ).
Collectively, these analyses demonstrate that pathogens differentially alter levels of AMP mRNA and also provide evidence supporting the hypothesis that select microbes can decrease transcription of different AMPs, possibly providing a mechanism for immune evasion.
A similar scenario was presented in this work with regard to several co-pathogens of otitis media and their effect on AMP transcript levels in CMEEs, a cell which lines the middle ear cavity of the chinchilla. Incubation of CMEEs with influenza A virus resulted in decreased levels of cCRAMP transcripts, but had no effect on cBD-1. In contrast, RSV downregulated mRNA of cBD-1, but did not alter levels of cCRAMP transcripts. This microbe-specific reduction in AP message levels naturally leads to the question as to what specific influenza A or RSV gene product(s), or stage in the viral replication cycle, was responsible for the different affects on transcript levels of cCRAMP and cBD-1. We are currently conducting in vitro studies using RSV deletion mutants that lack specific gene products which should provide some details as to the mechanism behind the reduction in cBD-1 message levels (Polack et al., 2005) .
When we incubated CMEEs with bacteria, we found that NTHI, the bacterium that predominates in chronic and recurrent OM, increased cCRAMP transcript levels by approximately 50%, however cBD-1 levels remained almost unchanged. In published work, an increase in human cathelicidin LL-37 mRNA was detected after incubation of pharyngeal carcinoma cells with H. influenzae and a similar increase was also observed in nasal mucosa recovered from individuals with rhinitis thus supporting our observations (Kim et al., 2003; Lysenko et al., 2000) . When CMEEs were incubated with M. catarrhalis (MOI = 100), a reduction of both cCRAMP and cBD-1 transcripts was demonstrated suggesting that this bacterium is proficient at dysregulating expression of AMPs. It is interesting that human cathelicidin LL-37 transcripts were reduced in a cervical cell line incubated with N. gonorrhoeae (MOI = 70) and epithelial cells incubated with Shigella sp. (MOI = 100) also showed reduction of LL-37 mRNA by 6 h post infection whereas similar effects were not seen at earlier time points (Bergman et al., 2005a; Islam et al., 2001 ). Although we did not evaluate AMP mRNA levels from CMEEs incubated with bacteria for less than 6 h, the response to M. catarrhalis mimics that to the N. gonorrhoeae and Shigella dysenteriae type I-induced decrease in LL-37 transcripts and suggests that, in vitro, there is a delay between the co-culturing of mucosal pathogens with epithelial cells and the bacterialmediated downregulation of AMP expression, likely because of the need for de novo synthesis of a bacterial product(s).
Although at a lower MOI, S. pneumoniae infection of CMEEs also produced a similar reduction of cBD-1 mRNA. This same affect was not seen with cCRAMP transcript levels which were upregulated 175%. It is of note that mRNA levels for this latter AMP were increased, even though (r)cCRAMP was least active against this pathogen in vitro, while mRNA levels of cBD-1, which is effective at killing S. pneumoniae (Harris et al., 2004) , were reduced approximately 50%. These data provide evidence for the hypothesis that some microbes may downregulate AMP transcripts only for encoded proteins which are effective at killing the respective bacterium.
Similar to the situation in man, in the chinchilla, influenza A virus is an excellent co-partner for S. pneumoniae-induced OM, whereas this viral pathogen does not increase the incidence of OM over single pathogen infection models when partnered with either NTHI or M. catarrhalis (Bakaletz, 2002) . Although many mechanisms have been elucidated which contribute to the synergism between the pneumococcus and influenza A (Giebink et al., 1987; McCullers and Rehg, 2002; Plotkowski et al., 1986) , our data suggested that downregulation of specific AMP messages may be an additional contributory component. It will be interesting to compare these data, obtained in vitro, with time course expression profiles for both cBD-1 and cCRAMP using chinchillas infected with the same pathogens used in this work (Gitiban et al., 2005) . These in vivo studies are ongoing.
The identification and characterization of a cathelicidin that is expressed at all tested mucosal sites within the chinchilla URT, combined with our earlier characterization of a ␤-defensin (also expressed within the airway of this host), lays the foundation for increasing our understanding of the role of innate immunity in OM. Even more exciting and challenging is the potential for the chinchilla superinfection model to allow us to study the interaction among these organisms in a pathogen-, tissue-, and time-specific manner.
